Stroke results in enduring damage to the brain which is accompanied by innate neurorestorative processes, such as reorganization of surviving circuits. Nevertheless, patients are often left with permanent residual impairments. Cell based therapy is an emerging therapeutic that may function to enhance the innate neurorestorative capacity of the brain. We previously evaluated human umbilical tissue-derived cells (hUTC) in our non-human primate model of cortical injury limited to the hand area of primary motor cortex. Injection of hUTC 24 h after injury resulted in significantly enhanced recovery of fine motor function compared to vehicle treated controls (Moore et al., 2013) . These monkeys also received an injection of Bromodeoxyuridine (BrdU) 8 days after cortical injury to label cells undergoing replication. This was followed by 12 weeks of behavioral testing, which culminated 3 h prior to perfusion in a final behavioral testing session using only the impaired hand. In this session, the neuronal activity initiating hand movements leads to the upregulation of the immediate early gene cFos in activated cells. Following perfusion-fixation of the brain, sections were processed using immunohistochemistry to label c-Fos activated cells, pre-synaptic vesicle protein synaptophysin, and BrdU labeled neuroprogenitor cells to investigate the hypothesis that hUTC treatment enhanced behavioral recovery by facilitating reorganization of surviving cortical tissues. Quantitative analysis revealed that c-Fos activated cells were significantly increased in the ipsi-and contra-lesional ventral premotor but not the dorsal premotor cortices in the hUTC treated monkeys compared to placebo controls. Furthermore, the increase in c-Fos activated cells in the ipsi-and contra-lesional ventral premotor cortex correlated with a decrease in recovery time and improved grasp topography. Interestingly, there was no difference between treatment groups in the number of synaptophysin positive puncta in either ipsi-or contra-lesional ventral or dorsal premotor cortices. Nor was there a significant difference in the density of BrdU labeled cells in the subgranular zone of the hippocampus or the subventricular zone of the lateral ventricle. These findings support the hypothesis that hUTC treatment enhances the capacity of the brain to reorganize after cortical injury and that bilateral plasticity in ventral premotor cortex is a critical locus for this recovery of function. This reorganization may be accomplished through enhanced activation of pre-existing circuits within ventral premotor, but it could also reflect ventral premotor projections to the brainstem or spinal cord.
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Introduction
Stroke is the leading cause of long-term disability in the United States and approximately 795,000 Americans experience a new or recurring stroke each year. The only current FDA-approved therapy for ischemic stroke is intravenous administration of tissue plasminogen activator (tPA) to return blood flow to the blocked artery, but this is only effective if administered within hours following onset of stroke (Ebinger et al., 2015; Wang et al., 2004) . Many patients are unable to receive the tPA treatment due to the narrow therapeutic window, or other contraindications (Fugate and Rabinstein, 2015) and even those who do receive tPA often are left with varying amounts of irreversible brain damage and significant residual impairment. Accordingly, neurorestorative treatments are needed to enhance neuroplasticity and facilitate recovery of function following stroke or other traumatic events.
In both animal models and human stroke patients with motor impairments, physical therapy involving rehabilitative motor tasks can lead to significant improvement in motor function over a period of months following stroke (Calautti and Baron, 2003; Frost et al., 2003) . Nevertheless, in humans, complete recovery to pre-stroke function is rare (Gowland, 1987) . The central nervous system (CNS) has a limited ability to repair or regenerate neurons due to inhibitory factors released by CNS parenchyma and glial scarring (Yiu and He, 2006) . As a result, functional recovery following CNS damage is not a result of neuronal regeneration, but more likely due to a variety of neuroplasticity mechanisms such as axonal sprouting, synaptic reorganization, and changes in myelination (Armstrong et al., 2016; Fields, 2015; Mensch et al., 2015; Pascual-Leone et al., 2012) . In fact, there is evidence for cortical neuroplasticity and reorganization following CNS lesions in both humans and animal models (Kaas, 1991; Pons et al., 1988; Seitz et al., 1995) . Specifically, there is evidence of increasing cortical reorganization of undamaged motor areas including premotor cortices (Frost et al., 2003; Nudo, 2007; Nudo and McNeal, 2013) and evidence of increased proliferation of neural progenitor cells (Anderson, 2001; Arvidsson et al., 2002; Jin et al., 2006; Li et al., 2002; Lindvall and Kokaia, 2015; Marlier et al., 2015; Minger et al., 2007; Zhang et al., 2013; Zhang et al., 2011) . Hence, targeting plasticity and reorganization mechanisms with new therapeutic agents may be one way to enhance more complete functional recovery after cortical injury.
Cell based therapies are an attractive avenue of neurorestorative treatments that have shown largely promising results in preclinical models of stroke. While the mechanism remains unclear, studies suggest that cell based therapies enhance endogenous repair mechanisms through increasing brain plasticity and synaptic remodeling (Savitz et al., 2014) . While such neurorestorative treatments for stroke have been assessed preclinically, none have successfully translated to human patients. The Stroke Therapy Academic Industry Roundtable (STAIR) (Fisher et al., 2009) and Stem Cells as an Emerging Paradigm in Stroke (STEPS) (Savitz et al., 2011) committees assessed ways to enhance translation between preclinical and clinical studies. Both the STAIR (Fisher et al., 2009 ) and STEPS (Savitz et al., 2011) reports recommended the use of non-human primate models to validate and further assess efficacy and safety of promising therapies including cell based approaches. Further, STEPS recommends performing appropriate histological studies to examine the effects of the cell based therapy on the remodeling of surviving structures (Savitz et al., 2011) .
To that end, this report is a histological follow-up to our earlier study that a cell based therapy of human umbilical tissue derived cells (hUTC) enhanced recovery of fine motor function in our reproducible non-human primate model of cortical injury (Moore et al., 2013) . Specifically, it was demonstrated that intravenous administration of hUTC, 24 h after cortical damage, significantly improved function and strength of the impaired hand in the first two weeks of recovery and improved finger-thumb grasp rating during the 12-week post-operative assessment as compared to placebo treated controls.
We hypothesized that the recovery of function observed with hUTC treatment may be due to reorganization of undamaged motor areas and increased proliferation of neural progenitor cells. To evaluate this hypothesis, we report here quantitative analysis in bilateral premotor cortices of c-Fos as a marker of cell activation and synaptophysin as a marker of synaptic density. We also report quantitative analysis of BrdU positive neural progenitor cells in the subventricular zone and subgranular zone as a marker for cell proliferation.
Materials and methods

Subjects
Eight adult male rhesus monkeys (Macaca mulatta), ranging in age from 8.5 to 12.1 years, were used in this study. All were part of our previous study (Moore et al., 2013) that assessed the efficacy of hUTC therapy on recovery of motor function following cortical injury. Prior to entering the previous study, all monkeys received medical examinations and were screened to ensure that they did not have a history of malnutrition, diabetes, chronic illness, or any neurological diseases. All monkeys were given initial pre-operative MRI scans to ensure no occult brain abnormality. While enrolled in the study, the monkeys were housed in the Laboratory Animal Science Center of Boston University Medical Campus, which is accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care (AAALAC). Experiments were conducted in accordance with the Guide for the Care and Use of Laboratory Animals from the National Institute of Health's Office of Laboratory Animal Welfare and were approved by the Institutional Animal Care and Use Committee (IACUC) of the Boston University Medical Campus.
Fine motor testing and lesion of the M1 hand area
All motor testing and surgical procedures were completed as part of the previous study (Moore et al., 2013) and have been previously described (Moore et al., 2010 (Moore et al., , 2012 (Moore et al., , 2013 . In the following, the testing and surgical procedures are described briefly. Monkeys were trained on a fine motor task, modified version of a Klüver board (Klüver, 1935) , to reach asymptotic performance and the preferred or dominant hand was determined using free choice trials in the testing apparatus. The lesion was then targeted to the hemisphere controlling the dominant hand to ensure that monkeys would be motivated to use the impaired hand during post-operative testing. All subjects then underwent an electrophysiologically guided lesion limited to the hand representation of primary motor cortex. Following exposure of the cortex, the lesion was created by inserting a small glass suction pipette under the pia and bluntly dissecting the small penetrating arterioles as they enter the underlying cortex, producing an ischemic lesion of the gray matter with preservation of underlying white matter (Moore et al., 2013) . Twentyfour hours after the lesion, monkeys were given hUTC (CNTO 0007; Advanced Technologies and Regenerative Medicine, LLC -Johnson & Johnson, New Brunswick, NJ) or placebo via intravenous infusion at a dose of 10 million cells/kg and a rate of 0.5 mL per minute. Two weeks following surgery, monkeys were retested on the same fine motor task for 12 weeks with 70% of trials to the impaired hand and 30% to the unimpaired hand. Outcome measures included recovery time, the number of days to return to pre-operative performance, and grasp assessment, determined by a licensed Occupational Therapist (M.A.P.) using our Grasp Assessment Scale for non-human primates (NHP). The scale was adapted from scales used in human stroke patients (Carr et al., 1985; Fugl-Meyer et al., 1975; Whishaw et al., 2002) and consists of hierarchical categories from 0 (no movement) to 8 (normal grasp with accurate pinch between thumb and finger). All relevant subject information, including treatment and behavioral outcome measures, is summarized in Table 1 . For all procedures, cognitive testers, surgeons and other research staff were blind to treatment condition throughout the experiment including tissue processing and data analysis reported here.
BrdU administration
Seven (3 treated and 4 placebo) monkeys received a single intraperitoneal injection of 200 mg/kg Bromodeoxyuridine (BrdU), prepared in a 15 mg/mL solution of warm, sterile Tris-buffered saline at pH 7.4. The BrdU solution was injected exactly eight days after surgically induced cortical injury to label cells in S-phase at that time. Since the BrdU dilutes in cells that remain in the cell cycle through many rounds of replication, the number of days between the BrdU injection and perfusion is listed as BrdU survival time in Table 1 . BrdU survival time ranged from 92 to 138 days.
Pre-perfusion testing and immediate early gene activation
Three hours prior to perfusion-fixation of the brain, monkeys were tested on the fine motor task for 1 hour. For this last testing session 100% of the trials were given to the impaired hand to maximize activation of neurons participating in function of the impaired hand. We hypothesized that testing only the impaired hand would activate the neurons supporting the recovery of function that may have occurred. After the testing session, the monkey was returned to the home cage for 2 h to allow for expression of c-Fos protein resulting from neuronal activation before perfusion-fixation of the brain.
Perfusion and tissue acquisition
At the conclusion of the experiment, monkeys were sedated with ketamine (10 mg/kg IM) deeply anesthetized with sodium pentobarbital (25 mg/kg IV to effect) and were euthanized by exsanguination during transcardial perfusion-fixation of the brain. Perfusion with cold Krebs-Heinsleit buffer (4°C, pH 7.4) was followed immediately by fixation with 4% paraformaldehyde, (30°C, pH 7.4). The brain was blocked, in situ, in the coronal plane to ensure reproducible planes of section during later processing and then removed from the skull, weighed, and post-fixed overnight in 4% paraformaldehyde (no > 18 h). It was then transferred to cryoprotectant solution to eliminate freezing artifact (Rosene et al., 1986) . Cryoprotected blocks were flash frozen at −75°C and stored at −80°C until they were cut on a microtome into interrupted series of coronal sections (eight series of 30 μm thick sections and one series of 60 μm thick sections) with a spacing between sections within a series of 300 μm. The 60 μm series was immediately mounted on microscope slides and stained with thionin for lesion reconstruction. The other series were collected in phosphate buffer with 15% glycerol and stored at −80°C for later histochemical processing (Estrada et al., 2017 ).
c-Fos and synaptophysin immunohistochemistry
Quarter series of 30 μm sections (i.e. sections spaced 1200 μm apart) through the premotor cortices were removed from storage and thawed for c-Fos and synaptophysin immunohistochemistry. All the sections for each marker were batch-processed (see Estrada et al., 2017 for discussion of batch processing) in the same reagents at the same time, according to the following steps. First, sections were rinsed in 0.05 M Tris-buffered saline (TBS) to remove the glycerol. To quench endogenous peroxidases, sections were incubated for 30 min in TBS containing 1% sodium borohydride (c-Fos) or 3% H 2 O 2 (synaptophysin) followed by washes in TBS. Sections were then incubated for 1 h in a blocking solution of 10% Normal Goat Serum (NGS) and 0.4% Triton-X in TBS. The sections were then incubated for 48 h at 4°C with gentle agitation in monoclonal primary antibodies to c-Fos (anti-c-Fos IgG in rabbit, 1:10000; Calbiochem, Billerica, MA) and synaptophysin (antisynaptophysin IgG in mouse, 1:100000, Millipore, Billerica, MA) in a solution containing 2% NGS and 0.1% Triton-X in TBS. Several sections of brain tissue were left out of the primary antibody to control for immunoreactivity. Following incubation with the primary antibody, the sections were washed in a solution containing 2% NGS and 0.1% Triton-X in TBS, followed by a 2-hour incubation in biotinylated secondary antibody (1:600; Vector Laboratories, Burlingame, CA) in TBS containing 2% NGS, and 0.4% Triton-X. The sections were then washed in TBS and subsequently incubated with an avidin biotinylated horseradish peroxidase complex (ABC Elite; Vector Laboratories, Burlingame, CA) for 1 h. The sections were then washed in TBS followed by washes in 0.175 M sodium acetate solution. For visualization, all sections were incubated together in sodium acetate containing 0.55 mM 3-3′-diaminobenzidine (DAB; Sigma-Aldrich, St. Louis, MO), nickel sulfate (0.095 M), and 0.0025% H 2 O 2 . The sections were then washed in sodium acetate to stop the DAB reaction, followed by rinses in TBS. Finally, sections were mounted on gelatin-coated slides, air dried, and cover-slipped using Permount mounting medium (Thermo Fisher Scientific, Waltham, MA).
BrdU immunohistochemistry
A half series of 30 μm sections (i.e. sections spaced 600 μm apart) containing lateral ventricle and hippocampus was removed from storage and thawed for immunohistochemistry. All sections were batchprocessed in the same reagents for BrdU according to the following steps. First, sections were washed in 0.05 M Potassium PhosphateBuffered Saline (KPBS) to remove the glycerol. For antigen retrieval, sections were incubated at 65°C for 2 h in 50% formamide in 2× saline sodium citrate (SSC), followed by washes in SSC. Sections were then incubated in 2 N Hydrochloric Acid (HCl) for 30 min at 37°C to create single-stranded DNA and expose the incorporated BrdU, then rinsed in a 0.1 M Borate buffer (pH 8.5) for 10 min to neutralize the HCl. Sections were washed in KPBS and placed in SuperBlock (Thermo Fisher Moore et al., 2013 (used in correlation studies in the current study).
M.E. Orczykowski et al. Experimental Neurology 305 (2018) 13-25 Scientific, Waltham, MA) for 30 min. Then, sections were incubated in the monoclonal primary antibody to BrdU (anti-BrdU IgG in rat; 1:500; Accurate Chemical & Scientific Corporation, Westbury, NY) in KPBS containing 0.4% Triton-X for 1 h at room temperature, followed by 48 h at 4°C with gentle agitation. Several sections of brain tissue were left out of the primary antibody to control for immunoreactivity. Next, the sections were washed in KPBS, then incubated in biotinylated secondary antibody (1:600, goat-anti-rat; Vector Laboratories, Burlingame, CA) in a solution containing 0.4% Triton-X in KPBS buffer for 1 h at room temperature. The sections were washed in KPBS, incubated in an avidin-biotin peroxidase complex (ABC Elite; Vector Laboratories, Burlingame, CA) for 1 h, then rinsed in KPBS. For visualization, all sections were incubated simultaneously for 8 min in KPBS containing DAB and 0.0025% H 2 O 2 , followed by washes in KPBS. Free floating sections were mounted on gelatin-coated slides and air dried. Sections were then lightly counterstained with a 0.05% thionin solution (pH 5.5), dehydrated through a graded series of alcohols, cleared with xylene, and coverslipped using Permount mounting medium (Thermo Fisher Scientific, Waltham, MA).
Regions of interest for stereology
Unbiased stereology was used to quantify c-Fos labeled neurons, synaptophysin puncta, and BrdU labeled cells visualized on a Nikon Eclipse E600 series light microscope (Nikon; Melville, NY, USA) equipped with a motorized stage integrated with StereoInvestigator 9 software (MicroBrightField Bioscience; Williston, VT). All sections were blinded and then regions of interest (ROI) were outlined using the 4× objective. For c-Fos and synaptophysin stereology, ROIs were created for the ipsilesional and contralesional dorsal premotor cortex (iPMd and cPMd) and the ipsilesional and contralesional ventral premotor cortex (iPMv and cPMv) on 6-10 equally spaced sections. ROIs were outlined as shown in Fig. 1 using the Paxinos rhesus monkey stereotaxic atlas as a guide (Paxinos et al., 2008) . Specifically, PMd was sampled from its first appearance near the rostral aspect of the superior limb of the arcuate sulcus, past the region of the arcuate sulcus to its disappearance at the rostral aspect of M1. PMv was sampled from its first appearance near the inferior arcuate sulcus to its disappearance at the rostral aspect of M1.
For BrdU analysis, ROIs were created for the ipsilesional and contralesional subventricular zone (iSVZ and cSVZ) on 7-8 equally spaced sections from the interventricular foramen to the rostral tip of the lateral ventricle. ROIs were also created on the ipsilesional and contralesional subgranular zone of the dentate gyrus (iSGZ and cSGZ) on 16-25 equally spaced sections through the hippocampus. The SVZ included an area extending 2500 μm dorsal to the most ventral tip of the ventricle and 250 μm distal from the ependymal layer bordering the lumen of the ventricle. Representative sections and ROI contours for SVZ are shown in Fig. 2 (A-H) . The SGZ, a subdivision of the dentate gyrus, was sampled through its rostral-caudal extent as shown in representative sections and contours in Fig. 2 (I-P) and as previously described (Ngwenya et al., 2015) . The hilus was identified as the polymorphic cell area within the blades of the granule cell layer. The SGZ was defined as the area within the hilus immediately beneath the granule cell layer but excluding the cell dense CA4 subfield that often extended into the hilus. BrdU positive cells were counted in the SGZ and adjacent deep layer of the granule cells.
Stereological parameters and inclusion criteria
The Optical Fractionator Workflow was used to optimize and quantify all 3 markers and stereological parameters are summarized in Table 2 . The Optical Fractionator Workflow places a sampling grid over the ROI using systematic random sampling. It then places a three-dimensional counting frame at a fixed corner of each grid square. Counting occurred within that 3-D frame. To ensure stereological accuracy, counting was performed with a minimum of 2 μm guard zones above and below the optical dissector box to ensure that lost caps could be identified and counted or excluded according to the respective face (West et al., 1991) . c-Fos labeled cells were identified with the 40× objective based on intense nuclear staining which ranged from dense labeling of the entire nucleus to labeling of 40% of the nucleus compared to background. Labeling below 40% was regarded as background and not a positive cell. Inclusion criteria for Synaptophysin positive puncta were identified with the 100× objective as well-defined circular, dark profiles located within the counting frame. Since BrdUpositive cells are relatively rare, an exhaustive counting scheme was used such that the counting frame occupied 100% of the sampling grid (Table 2) . BrdU positive cells were identified with the 60× objective and counted if more than one-third of the nucleus was darkly labeled and if the labeled nucleus was not part of the wall of a blood vessel. This counting method omitted very lightly stained cells and endothelial cells.
Stereology object estimates
The estimated total number of c-Fos labeled cells, synaptophysin labeled puncta, and BrdU labeled cells in each ROI were calculated using the optical fractionator formula: N = Q − × 1/ssf × 1/asf × t/h (Sutula and West, 2002; West et al., 1991) , where N is the estimate of the total number of objects, Q − is the number of objects counted, ssf is the section sampling fraction, asf is the area sampling fraction, and t/h is the actual section thickness (t) divided by the height (h) of the dissector. Parameters were optimized such that Coefficients of Error were < 0.10 using a Smoothness Factor m = 1 for biological tissue (Gundersen et al., 1999) . Estimated activated cell (c-Fos) numbers were used for analysis. Estimated BrdU cell density and synaptophysin puncta density measures were used for analysis (estimated cell number divided by Cavalieri estimated volume in mm 3 ).
Statistical analysis
Statistical analyses were performed using R (RStudio Inc., Version 0.99.896, R foundation for Statistical Computing, Vienna, Austria). Two-way analysis of variance (ANOVA) with repeated measures was used to identify significant variables and interactions with treatment group (hUTC treated or placebo) as a between subject variable and hemisphere (ipsilesional and contralesional) as a within subject variable. Separate two-way ANOVAs with repeated measures (six total) were used to analyze c-Fos (PMv and PMd), synaptophysin (PMv and PMd), and BrdU (SVZ and SGZ). Significance level was set to p ≤ 0.05. Tukey Post-hoc tests were used to identify significant variables. Regression analyses were performed with subjects from both groups together. For correlations relating to the mean grasp (an ordinal scale, 0-8), Spearman's Correlation was used, and all other correlations were assessed using a Pearson's Correlation with an alpha level set at p ≤ 0.05.
Results
Effect of hUTC on c-Fos activation to localize foci of plasticity
To localize regions that were activated during recovered hand performance, 3 h prior to perfusion monkeys were behaviorally tested using only the impaired hand to increase expression of the immediate early gene c-Fos. Subsequently, c-Fos immunohistochemistry, was used to identify activated cells and they were quantified with unbiased stereology. Estimated numbers c-Fos labeled cells were identified and counted as shown in Fig. 3 . Total estimated numbers of c-Fos labeled cells were used for comparisons between hUTC treated and placebo treated monkeys. Two-way ANOVAs were performed on c-Fos data from PMv and PMd with treatment (hUTC vs. placebo) as a between subject variable and hemisphere (ipsilesional vs. contralesional) as a within subject variable. Results showed that in PMv, the total number of c-Fos labeled cells was significantly increased in hUTC monkeys compared with the placebo monkeys in both hemispheres [F (1,6) Fig. 4 , these results demonstrate an upregulation of c-Fos activation in ventral premotor cortex of both the ipsilesional and contralesional hemispheres suggesting that this region may be an important substrate for hUTC stimulated neuroplasticity following damage to primary motor cortex.
Effect of hUTC on synaptic density
To investigate the changes in synaptic density in premotor cortices, synaptophysin immunohistochemistry and unbiased stereology was performed to quantify synaptophysin labeled puncta as shown in Fig. 5 and density measures were calculated using Cavalieri estimated volume in mm 3 . Two-way ANOVAs were performed on synaptophysin data from PMv and PMd with treatment (hUTC vs. placebo) as a between subject variable and hemisphere (ipsilesional vs. contralesional) as a within subject variable. Results showed that the number of synaptophysin puncta did not differ significantly in PMv between groups [F (1,6) = 0.784, p = 0.41] or hemisphere [F (1,6) = 1.118, p = 0.331] (Fig. 6) . Similarly, synaptophysin puncta did not differ significantly in PMd between groups [F (1,6) = 0.436, p = 0.533], or hemisphere [F (1,6) = 2.709, p = 0.151] (Fig. 6) . Overall, these results suggest that synaptic density in the ventral and dorsal premotor cortices did not differ with hUTC treatment.
Effect of hUTC on progenitor cell proliferation
To investigate the effect of hUTC on neural progenitor cell proliferation, monkeys received an injection of the thymidine analog bromodeoxyuridine (BrdU) 8 days after injury. Following BrdU immunohistochemistry, unbiased stereology was used to obtain estimated numbers of BrdU labeled cells in frontal sections containing the subventricular zone (SVZ) and hippocampal sections containing the subgranular zone (SGZ) in both the ipsilesional and contralesional hemispheres as shown in Fig. 7 . Due to a variance in the volumes of the ROIs used for BrdU stereology, counts were normalized between subjects by using estimated BrdU cell density measures (estimated cell number divided by Cavalieri estimated volume in mm 3 ). Two-way ANOVAs were performed on BrdU data from SVZ and SGZ with treatment (hUTC vs. placebo) as a between subject variable and hemisphere (ipsilesional vs. contralesional) as a within subject variable. BrdU labeled cells were detected in all ROI and all subjects. However, the density of BrdU labeled cells did not differ significantly in the SVZ between groups [F (1,5) = 0.803, p = 0.411] or hemispheres [F (1,5) = 0.450, p = 0.532] (Fig. 8) . However, the density of BrdU labeled cells approached a significant difference between groups in SGZ [F (1,5) = 4.259, p = 0.094] and was significantly different between hemispheres [F (1,5) = 18.63, p = 0.0076; Fig. 8] , with a greater density of BrdU labeled cells in cSGZ compared to iSGZ regardless of treatment group. Overall, these results suggest that progenitor cell proliferation did not differ in ipsilesional or contralesional SVZ with hUTC treatment. However, we observed a potential increase of BrdU labeled progenitor cell proliferation in the SGZ with hUTC treatment and an increase in proliferation in the cSGZ compared to the iSGZ. Overall, this suggests neural progenitor cell proliferation in ipsilesional and contralesional hemispheres after primary motor cortex damage.
Relationship of markers of plasticity to functional recovery
As previously reported, hUTC treated monkeys returned to pre-operative levels of performance on fine motor tasks in significantly fewer days compared to monkeys that received placebo (Moore et al., 2013) . (Fig. 9) . Thus, subjects with a higher number of c-Fos activated neurons in PMv at the end of testing had shown more rapid recovery of function. This relationship between fewer days to recovery and increased c-Fos activation was not observed in either the iPMd or cPMd (data not shown). Further, there was no relationship between recovery time and density of synaptophysin puncta or BrdU labeled cells in any region of interest (data not shown). These results suggest that increased c-Fos activation in iPMv and cPMv may be a significant predictor of improved recovery time following cortical injury.
Another measure of recovery is the recovery of accurate pinch between finger and thumb. Mean grasp was rated over the post-operative period on a scale of 0 (no movement) to 8 (full recovery). As previously reported, recovery toward improved grasp topography was significantly enhanced in hUTC treated monkeys compared to placebo controls (Moore et al., 2013) . Interestingly, enhanced grasp assessment (closer to full recovery) was predicted by increased numbers of c-Fos activated neurons in iPMv [R s = 0.970, p = 0.00006] and cPMv [R s = 0.946, p = 0.0004] (Fig. 10) . Thus, subjects with a higher number of c-Fos activated neurons in PMv at the end of testing had enhanced grasp topography over the recovery period. This relationship between enhanced grasp topography and more c-Fos activation was not observed in either the iPMd or cPMd (data not shown). This suggests increased numbers of c-Fos activated cells may be a significant predictor of grasp topography recovery.
Discussion
Summary of results
The overall findings of this study are that following injury to the primary motor cortex: (1) Cellular activation is increased bilaterally in the ventral premotor cortex in monkeys treated with hUTC compared to placebo treated controls, but is not altered in dorsal premotor cortex.
(2) The number of activated cells in both the ipsi-and contra-lesional ventral premotor cortices is positively associated with improved recovery time and grasp topography, pointing to ventral premotor cortex as a potential locus of reorganization. (3) In contrast, the synaptic density, in both ventral and dorsal premotor cortices, does not differ between hUTC treated and placebo controls. (4) Proliferation of progenitor cells in the subventricular zone does not differ between hUTC treated and placebo controls, but proliferation in the subgranular zone bilaterally approached a significant increase with hUTC treatment. Overall, these results suggest that the effect of hUTC cell therapy on improved motor performance may be mediated in part by activating the ventral premotor cortex but that hUTC also produces a generalized facilitation of neuroplasticity that is reflected in enhancement of progenitor cell proliferation.
Previous studies of cell based therapy
Spontaneous recovery of motor function following stroke in the motor cortex has been shown to involve reorganization through activation of cell repair, axonal growth, dendritic remodeling, and synaptic plasticity leading to the formation of functional connections (Minger et al., 2007; Wieloch and Nikolich, 2006) . This reorganization occurs most notably in the perilesional area, though changes also occur throughout the brain after stroke (Cotrina et al., 2016; Ward and Cohen, 2004) . Recent studies in rodents have demonstrated enhanced motor recovery using human umbilical tissue derived cell (hUTC) infusion following stroke-induced motor impairment Shams Ara et al., 2015; Shehadah et al., 2013; Yang et al., 2012; Zhang et al., 2013; Zhang et al., 2012; Zhang et al., 2011) . The enhanced motor recovery following hUTC treatment in rodents was accompanied Fig. 6 . Synaptophysin puncta in bilateral premotor cortices remain unchanged following hUTC treatment. Numbers of synaptophysin puncta in the dorsal and ventral premotor cortex were estimated using unbiased stereology and are represented here (in millions). There was no significant difference between groups in any region. Abbreviations: iPMv, ipsilesional ventral premotor cortex. cPMv, contralesional ventral premotor cortex. iPMd, ipsilesional dorsal premotor cortex. cPMd, contralesional dorsal premotor cortex. M.E. Orczykowski et al. Experimental Neurology 305 (2018) 13-25 by increased vascular and synaptic density in the perilesional area Jiang et al., 2012; Shehadah et al., 2013; Yang et al., 2012; Zhang et al., 2013; Zhang et al., 2012; Zhang et al., 2011) and an increase in progenitor cell proliferation in the subventricular zone (Yang et al., 2012; Zhang et al., 2013; Zhang et al., 2012 ). Here we show that the same hUTC therapy used in rodents also facilitates recovery of function in monkeys with damage limited to the hand representation of motor cortex (Moore et al., 2013) but that upregulation of immediate early gene activation in ventral premotor cortex of these monkeys likely contributes to this effect.
Motor and premotor cortices
While the primary motor cortex is involved in the control and execution of motor movements, precision grasping of an object during goal directed hand movements is further mediated by the PMd and PMv. Specifically, the PMd is involved in the direction and amplitude of reaching toward an object to be grasped. In contrast, the PMv mediates the actual grasping component of goal directed hand movements including the appropriate shaping of the hand posture to grasp objects (Murata et al., 1997; Rizzolatti et al., 1996; Rizzolatti et al., 1990; Fig. 8 . BrdU positive cells in Subgranular Zone increase following hUTC treatment. The densities of BrdU positive cells in the subventricular zone and subgranular zone were estimated using unbiased stereology. There was no significant difference between groups in any region. However, there are significantly more BrdU positive cells in cSGZ compared to iSGZ. [F(1,5) = 18.63, p = 0.0076]. Abbreviations: iSVZ, ipsilesional subventricular zone. cSVZ, contralesional subventricular zone. iSGZ, ipsilesional subgranular zone. cSGZ, contralesional subgranular zone. Fig. 9 . Increased c-Fos activation is correlated with improved recovery time. Recovery time is defined as days following cortical injury to return to asymptotic performance in a 120 day period. There is a significant negative correlation between recovery time and the level of c-Fos activation in the iPMv (A) and cPMv (B).
M.E. Orczykowski et al. Experimental Neurology 305 (2018) 13-25 Rizzolatti et al., 1988) . Interestingly, PMv has been identified as a potential locus of reorganization to enable functional recovery following an insult to the primary motor cortex in both human patients and animal models. Specifically, through stimulation, studies in non-human primates observed an enlarged hand representation in ipsilesional PMv (iPMv) related to the size of M1 injury and that only stimulation in iPMv, but not M1, evoked a hand response following recovery (Dancause et al., 2006; Frost et al., 2003; Nudo and Milliken, 1996) . Further, in imaging of human patients recovering from stroke affecting hand movements, studies observed bilateral recruitment of premotor cortices while performing fine motor functions with the impaired hand, which was not seen in performance with their unaffected hand or in healthy controls (Calautti and Baron, 2003; Cao et al., 1998) . Therefore, functional recovery may depend on reorganization and plasticity of brain regions adjacent to the injury site, rather than a change in neuronal survival or regeneration of the lesion site.
Regions supporting the recovery of function
To identify the role of premotor cortices involved in hUTC enhancement of recovery, we used motor testing and c-Fos immunohistochemistry. Activation of the c-Fos immediate early gene occurs because of influx through voltage gated calcium channels activated during neuronal depolarization. Activation of the c-Fos gene leads to production of the c-Fos nuclear protein, a transcription factor that initiates a cascade of other gene activations. The c-Fos protein production peaks at 2 to 4 h after c-Fos gene activation (Harris, 1998; Morgan and Curran, 1991; Morgan and Curran, 1989; Rosene et al., 2004 ). In the current study, subjects were perfused 3 h after the start of motor testing with the impaired hand for 1 hour to activate the c-Fos protein in neurons functioning during testing. Subsequently, immunohistochemistry and stereology were used to quantify c-Fos expression as a marker for the location and number of neurons activated during the final testing session with the impaired hand.
We observed widespread c-Fos activation in dorsal and ventral premotor cortices bilaterally in all subjects but subjects that had hUTC treatment and demonstrated enhanced recovery showed increased activation in the ventral premotor cortex bilaterally. In contrast, there was no effect of hUTC treatment on dorsal premotor cortex activation, compared to placebo controls. Furthermore, results demonstrated that the number of activated neurons in bilateral PMv predicted a more successful grasp topography and a shorter time to recover pre-operative levels of performance on fine motor tasks. This finding is consistent with studies, which have demonstrated reorganization in PMv after M1 lesions restricted to the digit representation (Frost et al., 2003) . It is also consistent with the theory that the PMv is part of the parietofrontal circuit that mediates fine motor function of the hand and digits (Rizzolatti and Luppino, 2001) . We conclude that hUTC treatment may have enhanced and facilitated the reorganization of the ventral premotor cortex of the hUTC treated animals and that this may underlie recovery of function in response to M1 injury.
Significance of c-Fos cells for recovery of function
A close examination of Figs. 9 and 10 shows that within the hUTC treated subjects, the number of c-Fos positive cells varies widely while M.E. Orczykowski et al. Experimental Neurology 305 (2018) 13-25 the behavioral outcomes (lower number of days to recover and higher mean grasp rating) are relatively consistent. . This is not surprising considering that by visual inspection one can see that the number of c-Fos cells for subjects within each group was not a good predictor of recovery. It also is to be expected since each treatment group only had n = 4 and one of the control subjects had cell number in each and behavioral outcome that overlapped the treatment group. While replicating this study with a much larger sample size might enable separate regression analyses within each treatment group to address this, it will likely be necessary to explore additional neurobiological variables that might underlie or contribute to recovery to understand better the processes stimulated by the hUTC. As an example, synaptogenesis in cervical spinal cord regions to which the c-Fos positive cells of ventral premotor project might identify differences in underlying mechanisms of plasticity that could account for better recovery in all treated subjects compared to the placebo controls.
Ipsilesional vs. contralesional activation
Recruitment of the intact contralesional primary motor cortex or premotor areas may also contribute to enhancing functional recovery. Animal models of stroke have shown increased reorganization of contralesional cortical areas with increased lesion size and involves changes in dendritic and synaptic plasticity (Kim and Jones, 2010) . Increased activation of contralesional motor areas may contribute to the inhibition of damaged ipsilesional areas, which has been associated with a better outcome (Boroojerdi et al., 1996; Murase et al., 2004 ). In the current study, we observed an equivalent increased level of activation in both ipsilesional and contralesional premotor cortex with hUTC treatment. Further, the increase in both iPMv and cPMv predicted improved recovery time and grasp topography after cortical injury. Overall, while the exact role of reorganization in contralesional motor areas in recovery from M1 injury remains unclear, the contralesional hemisphere is a potential target for rehabilitation following cortical injury.
Synaptic density and neuroplasticity
Distinct changes in the premotor cortices with treatment observed through neuronal activation further raised the question of whether there was also change in innervation of these neurons. To explore synaptic remodeling in premotor cortices, we quantified synaptic density by calculating density of synaptophysin puncta. Synaptophysin is a glycoprotein found in pre-synaptic vesicles (Wiedenmann et al., 1986) that is commonly used to quantify synaptic density Jiang et al., 2012; Shehadah et al., 2013; Yang et al., 2012; Zhang et al., 2013; Zhang et al., 2012; Zhang et al., 2011 ). In the current study, there was no observable difference in synaptic density when comparing hUTC treated subjects to controls in bilateral ventral or dorsal premotor cortices. Studies assessing hUTC treatment have consistently found increased perilesional synaptic density with treatment Jiang et al., 2012; Shehadah et al., 2013; Yang et al., 2012; Zhang et al., 2013; Zhang et al., 2012; Zhang et al., 2011) . Further, studies in vitro revealed that hUTC treatment enhanced synaptic formation and function through paracrine factors (Koh et al., 2015) . Our finding that synaptic density remains stable does not preclude the possibility that synaptic efficacy has been altered by pre-or post-synaptic mechanisms such that the functional connections that compensated for the damaged cortex were strengthened or unmasked rather than completely rebuilt (Jacobs and Donoghue, 1991; Liguz-Lecznar et al., 2014; Pons et al., 1988) .
Proliferation of neural progenitor cells
In addition to remodeling of adjacent motor areas, we investigated the effect of hUTC treatment on progenitor cell proliferation. We speculate that neurotrophic factors released by the hUTCs may alter neural cell proliferation. Previous studies investigating cell based therapy for stroke in rats have shown that administration of human mesenchymal stem cells increased neurotrophic factor expression, which in turn augmented host brain plasticity (Li et al., 2002; Zhang et al., 2011) . Here, we injected bromodeoxyuridine (BrdU) 8 days after cortical injury to label proliferating cells in the hippocampal SGZ and in the SVZ of the lateral ventricles during the S-phase of the cell cycle (Taupin, 2007) . Studies have reported increased neural progenitor proliferation after cortical injury in the rodent brain in SGZ and SVZ (Anderson, 2001; Arvidsson et al., 2002; Jin et al., 2006; Lindvall and Kokaia, 2015; Marlier et al., 2015; Minger et al., 2007; Zhang et al., 2013; Zhang et al., 2011) .
Previous studies assessing hUTC (Yang et al., 2012; Zhang et al., 2013; Zhang et al., 2012) and other cell based therapies (Bachstetter et al., 2008; Yoo et al., 2013) have reported an increase in neural progenitor proliferation in the iSVZ. In the current study, we found no significant difference in neural progenitor proliferation in the iSVZ and cSVZ between the treatment and placebo groups. However, neural progenitor proliferation in the SGZ bilaterally approached a significant increase with hUTC treatment. Due to our small sample size, it is possible that we observed a false negative in the iSVZ. Other possible explanations for this include the relatively small size of our cortical lesion in the hand representation compared to the widespread cortical and subcortical damage produced by middle cerebral artery occlusion (MCAO) in the rodent. Additionally, the rodent studies performed BrdU injections daily throughout the recovery period, while we performed one injection eight days after injury. Thus, our data on BrdU represent a snapshot of the capacity for plasticity in the injured brain on the eighth day of recovery. Finally, it is worth noting that our subjects survived for 3 months following BrdU injection and it's possible that newly generated cells may have continued to divide, diluting the label.
Therapeutic possibilities of cell based therapy
Cell based therapies are a promising therapeutic option following stroke and our results add to the existing literature on the possible mechanisms by which the exogenous cell treatments might enhance recovery. Previous studies in rodents have corroborated that hUTC infusion after stroke results in enhanced motor recovery Moore et al., 2013; Shams Ara et al., 2015; Shehadah et al., 2013; Yang et al., 2012; Zhang et al., 2013; Zhang et al., 2012; Zhang et al., 2011) , increased perilesional vascular and synaptic density Jiang et al., 2012; Shehadah et al., 2013; Yang et al., 2012; Zhang et al., 2013 , Zhang et al., 2011 , increased progenitor cell proliferation (Yang et al., 2012; Zhang et al., 2013 , but does not alter lesion volume (in rodents Shams Ara et al., 2015; Shehadah et al., 2013; Yang et al., 2012; Zhang et al., 2013 , Zhang et al., 2011 or in monkeys Moore et al., 2013; ) or perilesional apoptosis Zhang et al., 2011) . Overall, our results suggest that cell based therapies function through enhancement of endogenous restorative mechanisms, some of which may include reorganization of intact adjacent motor areas and neural progenitor proliferation.
Conclusions
In this study, we provide for the first-time evidence that cell based therapy containing hUTC enhanced motor recovery after cortical injury by stimulating bilateral reorganization of ventral premotor cortex. These observations identify ventral premotor cortex as a target for therapeutic interventions. However, further studies are needed to determine whether cortical neurons activated were primarily excitatory or inhibitory as well as to assess reorganization in downstream pathways of the basal ganglia, brainstem, and spinal cord, which may also contribute to supporting recovery of function.
